A b s t r a c t. After Black and Scholes's groundbreaking work, the literature concerning pricing options has become a very important area of research. Numerous option valuation methods have been developed. This paper shows how one can compute option prices using Sign RCA-GARCH models for the dynamics of the volatility. Option pricing obtained from Sign RCA-GARCH models, the Black and Scholes's valuation and other selected GARCH option pricing models are compared with the market prices. This approach was illustrated by the valuation of the European call options on the WIG20 index. The empirical results indicated that RCA-GARCH and Sign RCA-GARCH models can be successfully used for pricing options. However none of the models can be indicated as the best one for the option valuations for every period and every time to maturity of the options. K e y w o r d s: Sign RCA-GARCH models, option pricing, GARCH models. J E L Classification: G13.
Introduction
Following the seminal work of Black and Scholes (1973) and Merton (1973) , the option literature has developed into an important area of research. The Black-Scholes formula (henceforth BS) assumes that stock price varies according to the geometric Brownian motion. The relationship between the geometric Brownian motion and the BS formula presents the following equivalence (Elliott and Kopp, 1999 The BS formula assumes that the returns of the underlying asset (stock price) follow a normal distribution with constant volatility. Empirical evidence has shown, however, that the model is in conflict with facts, especially for short-run returns 2 . The financial markets research indicated that financial series, such as stock returns, foreign exchange rates and others, exhibit leptokurtosis and volatility varying in time. Hence the assumption of constant volatility is often strongly violated. Therefore, several option valuation models have been developed to incorporate stochastic volatility. One approach is to use continuous-time stochastic volatility models. Another approach is to use discrete-time generalized autoregressive conditionally heteroskedastic (GARCH) models (amongst others Engle,1982; Bollerslev,1986) .
The choice of discrete-time GARCH models for this study was motivated by two facts, that:  the inclusion of linear autoregressive dynamics, AR(1), affects option prices (Hafner and Herwartz, 2001 ),  the random coefficient autoregressive models with the sign function (Sign RCA) are straightforward generalization of the constant coefficient autoregressive models (Thavaneswaran et al., 2006a) . The random coefficient and the sign function have influenced the unconditional kurtosis. The value of unconditional kurtosis in the RCA-GARCH and the Sign RCA-GARCH models is bigger in comparison with ordinary AR-GARCH. In addition, the sign function allows the modelling of asymmetry, such as response of returns on various information from the market.
The purpose of this work is to apply the Sign RCA-GARCH models to pricing European call options, and compare these results and results obtained from the Black-Scholes model and from other selected GARCH options pricing models with the market prices. Such use of Sign RCA-GARCH models as far as we know has not been applied in option pricing except the work by Górka (2012) .
Theoretical Framework

Option Pricing
As a consequence of the equation (1), the price of a European call option is given by equation:
where:
S -the stock price at time t, K -the exercise price, r -the risk-free interest rate,  -the time to maturity of the option,    N -the cumulative normal density function,  -the volatility of rate of the return on the stock.
The valuation of derivative is about moving to the world free of risk, in which risky assets have the same return as the risk-free. The general idea of the valuation of derivatives is based on the following theorem. Theorem (Elliott and Kopp, 1999) . If the process S satisfies the equation
then also satisfies the equation
where is r the risk-free interest rate,
is a Wiener process. Duan (1995) introduced the GARCH option pricing model by generalizing the traditional risk neutral valuation methodology to the case of conditional heteroskedasticity.
Letting the conditional mean t  and conditional variance 2 t  be measurable functions with respect to the information set (F), the general model under the data generating probability measure P is given by (Hafner and Herwartz, 2001 ):
where f is a parametric function with parameter vector  .
In GARCH models, it is not possible to find a risk-neutralization procedure that leaves unchanged the marginal variance of the process or the conditional variance beyond one period. Therefore Duan (1995) introduced the local risk-neutral valuation relationship (LRNVR; equivalent martingale measure Q). The local risk-neutral valuation relationship is an essential feature of the equivalence of the conditional variances under the data generating probability measure P (historical measure) and the equivalent martingale Q.
Under the measure Q, the model is as follows (Hafner and Herwartz, 2001) : 
r is the risk-free interes rate,
This procedure leaves unchanged the one period ahead conditional variance and the conditional expected future return is equal to the risk-free interest rate at each time t. Discounted asset price under the measure Q is a martingale.
Option Pricing under Sign RCA-GARCH Models
The RCA-GARCH models were proposed by Thavaneswaran et al., (2006a) . The RCA(1)-GARCH(1,1) model has the following form:
,
where ,
Theoretical properties of this model can be found among others: Górka (2012), Thavaneswaran et al., (2006a Thavaneswaran et al., ( , 2006b Thavaneswaran et al., ( , 2008 Thavaneswaran et al., ( , 2009 . It is worth noting, that the value of unconditional variance and kurtosis increases in comparison with ordinary AR(1)-GARCH(1,1).
We can define the RCA(1)-GARCH(1,1) option pricing model under the historical measure P:
and under the measure Q:
where 1 r is the one-day risk-free interest rate.
For the RCA(1)-GARCH(1,1) model, like for the AR(1)-GARCH(1,1) (Hafner and Herwartz, 2001) , we can obtain the unconditional variance under the measure Q. Proposition 1 (Górka 2012) . Under the measure Q, the unconditional variance of y t under stationarity is finite if
The Sign RCA(1)-GARCH(1,1) models proposed by Thavaneswaran, et al., (2006a) have the following form:
where
The sign function   t s has the interpretation: if
, the negative value of  means that the negative (positive) observation values at time 1  t correspond to a decrease (increase) of observation values at time t . In the case of stock returns it would suggest (for returns) that after a decrease of stock returns, the higher decrease of stock returns occurs than expected, and in the case of the increase of stock returns the lower increase in stock returns occurs than expected.
Theoretical properties of this model can be found among others: Górka (2012), Thavaneswaran et al., (2006a Thavaneswaran et al., ( , 2006b Thavaneswaran et al., ( , 2008 Thavaneswaran et al., ( , 2009 . It is worth noting, that the adding the sign function has influence the increase of unconditional variance and kurtosis in comparison with RCA(1)-GARCH(1,1), and therefore also with ordinary AR(1)-GARCH(1,1).
Under the historical measure P the Sign RCA(1)-GARCH(1,1) option pricing model can be defined:
Under the martingale measure Q the Sign RCA(1)-GARCH(1,1) option pricing model takes the form:
For the Sign RCA(1)-GARCH(1,1) model, like for the RCA(1)-GARCH(1,1), we can obtain unconditional variance under the measure Q. Proposition 2 (Górka 2012) . Under the measure Q, the unconditional variance of y t under stationarity is finite if
Monte Carlo Simulations
GARCH models are very popular and effective for modeling the volatility dynamics in many asset markets. Unfortunately, existing GARCH models do not have closed-form solutions for option prices. These models are typically solved by simulation. The Monte Carlo simulation procedure for option pricing can be described in following steps (Duan, 1995; Hafner and Herwartz, 2001; Lehar et al., 2002; Piontek, 2002 Piontek, , 2004 The risk-free interest rate ( 1 r ) was approximated on the basis of the interest rate of the WIBID 3 and the WIBOR 4 . To quantify the deviation of theoretical option prices from the prices observed at the market the statistical error measures were applied (Lehar et al., 2002) :  the relative pricing error The RPE is a measure of the bias of the pricing model. A non-zero RPE may therefore indicate the existence of systematic errors. The ARPE measures both the bias and the efficiency of pricing (Lehar et al., 2002) .
An Empirical Analysis
The data used in the empirical study were the WIG20 index and prices of the European call options on WIG20 index on the Warsaw Stock Exchange (WSE). The sample period for the WIG20 runs from 19-th of November 2003 to 21-th of February 2011. Evolution of the WIG20 index was displayed in Figure 1 . The WIG20 index went up during the first 4 years, after that it rapidly went down and since 2009 started to increase again. Option pricing were made using:  the standard Black-Scholes (BS),  Monte Carlo simulation (MCS; Duan's method).
For comparison, the valuation of options were also made using the AR(1)-GARCH(1,1) model and the AR(1)-GJR-GARCH(1,1) model. For all model specifications, parameter values were obtained from the MLE using WIG20 index daily logarithmic returns. The sample sizes on which models were estimated are as follows:  252 observations (~ year),  504 observations (~ 2 years),  1008 observations (~ 4 years). All computation were made using authors codes written in GAUSS 6.0.
Example results of the valuation of European call options for WIG20 stock index on a particular day (November 17, 2010), on three month to maturity and different sample sizes, and market prices of these options (the closing price) are shown in Table 1 . Note: The bold number denotes the theoretical option prices the closest to the market price.
Option prices calculated by the BS formula were underestimated, while option prices calculated by other models were overestimated for the sample size of 252 observations and 1008 observations. For the sample size of 504 observations the option prices were overestimated for some strikes, but for other -underestimated. It depends of the type of option and of the model on which theoretical option prices were calculated. For the out-of-the-money options differences between market prices and theoretical option prices calculated by models on the simple size of 504 observations were small, while for others simple sizes these differences were greater. In this study, for the sample size of 504 observations the theoretical option prices were closest to the market prices. It holds for all model specifications. Figures 2 and 3 show the relationship between implied volatility, the exercise price and the time to maturity of the option. This shape resembles a smile and is called the volatility smile. It is often observed in financial markets (Lehar et al., 2002; Piontek, 2002) . When the time to maturity increases, the smile tends to become flatter. With the increase of the time to maturity of the option the increase (Figure 3 ) or decrease (Figure 2 ) of volatility for options with the same moneyness is often observed. This result is similar to the result obtained from other GARCH models (Piontek, 2002 (Piontek, , 2004 Hafner and Herwartz, 2001; Duan, 1995) .
On the basis of the valuation of options for a day, it is difficult to draw more general conclusions on the usefulness of RCA-GARCH and Sign RCA-GARCH models. Therefore, the valuation of options in the two periods were made using different models as a result of progressive estimation models. In the first period (November 23, 2007 -January 25, 2008 ) the values of OW20C8 5 and OW20F8 options with different exercise prices for the next 63 days were determined. In the second period (November 17, 2010 -February 21, 2011 ) the valuation of OW20C1 and OW20F1 options with different exercise prices for the next 67 days was made. Note: ATM -at-the-money, ITM -in-the-money, OTM -out-of-the-money. The bold number indicate minimum of absolute error.
The obtained values of option prices were subsequently split according to the time to maturity of the options (in days), i.e. Then, in the first place the option at-the-money (ATM) was determined, and then statistical measures of errors for the four options in-the-money (ITM) and four options out-of-the-money (OTM) were calculated 6 . The results for the second period were shown in Tables 2-4. Note: ATM -at-the-money, ITM -in-the-money, OTM -out-of-the-money. The bold number indicate minimum of absolute error.
Obtained results depend mainly on the time to maturity and size of sample. However, the smallest absolute error values were received for the sample of 504 observations regardless of the choice of the model for the theoretical option prices (see Table 2 -4). For each time to maturity and size of 6 Firstly, 4 options in-the-money and out-of-the-money were right next to the option atthe-money. Second, for each day of option pricing the error measures had had 3 values, one of each type of option. For the whole of the period (for example, a option with medium maturity), the result was the average of the results for the option of this period (for example, for the option of 180
sample different conclusions may be drawn. For example, for long time to maturity (Table 2 ) and the sample of 504 observations the smallest values of the mean pricing error (absolute and relative) were obtained for RCA-GARCH models, while for the short time to maturity (Table 4 ) -for Sign RCA-GARCH models. This holds for each type of options. In this study, regardless of the sample size, the out-of-the-money options for the short time to maturity were substantially overestimated. The similar results for the long time to maturity for the first period (November 23, 2007 -January 25, 2008 were found. Note: ATM -at-the-money, ITM -in-the-money, OTM -out-of-the-money. The bold number indicate minimum of absolute error.
Comparing the RPEs for the four different models (Table 2 -4), one can see systematic overpricing across all models (except the RCA-GARCH model for the ITM and ATM options for 180 < 60   and the sample of 504 observations - Table 3 ). In other words, the volatility of the underlying asset price was systematically overestimated.
In some cases the differences between the mean option pricing errors were small (e.g. for the sample of 1008 observations in Table 2 , for the sample of 252 observations in Table 4 ), while in other cases these differences were substantial (e.g. for the sample of 504 observations in Table 2 or 4). It is worth noting, that Sign RCA-GARCH models outperform the selected GARCH models, because the absolute error were substantially lower (e.g. for the sample of 504 or 1008 observations in Table 2 , for the sample of 504 or 1008 observations in Table 4 ). However, the better performance of Sign RCA-GARCH models was not well established and depends on the time to maturity, size of sample or the period of the data.
Conclusions
This paper has applied Sign RCA-GARCH models to compute theoretical option prices. This approach was illustrated by the valuation of the European call options on the WIG20 index, together with a comparison of their values obtained on the selected GARCH models. It is difficult to make general remarks, nevertheless the empirical results showed that:  the Black-Scholes model cannot explain the prices of out-of-the-money options,  RCA-GARCH and Sign RCA-GARCH models can be successfully applied in pricing options,  none of the models can be indicate as the best one for the option valuations for every period and every time to maturity of the options,  the choice of a sample size for estimating the option pricing model has a significant impact on the option pricing,  the choice of the volatility model is important for achieving a satisfying pricing performance.
